A quantum-chemical study of conformations and electronic structures of polyheterocyclic derivatives with vinylenediheteroatom substituents at the 3-and 4-positions was performed to search for novel blue-lightemitting conjugated polymers. Conformational potential energy curves of the polymers were constructed as a function of the helical angle (a) through semiempirical Hartree-Fock band calculations at the Austin model 1 level. It is found that poly(3,4-vinylenedioxythiophene) possesses a quite flat curve in the range of α = 51.4 o -120 o . Replacing S atoms for O atoms greatly increases repulsion between the neighboring units, and thereby the units become perpendicular to one another. Because of the hydrogen bonding between O and NH, poly(3,4-vinylenedioxypyrrole) is predicted to be anti-coplanar and poly(3,4-vinylenediaminofuran) to be nearly anticoplanar. According to the modified extended Hückel band calculations, the HOMO-LUMO gaps (HLGs) of the polymers, unless the polymer chains are twisted, are close to or slightly smaller than those of their respective mother polymers. Among the polymers, poly(3,4-vinylenedioxythiophene) is presumed to be the most probable candidate for a blue-light emitter because its HLG is within the range of the electronic requirement for blue-light emitters.
Introduction
During the last decade, conjugated polymers for lightemitting diodes (LEDs) have attracted enormous attention because of their potential advantages (such as low operating voltages, low manufacturing cost and readiness for largearea displays) over inorganic materials. 1 For red LEDs, a variety of poly(3-alkylthiophene)s (P3ATs) with different length of alkyl groups have been introduced. 2 But they have quite low fluorescence quantum yields. Poly(p-phenylenevinylene)s (PPVs) with electron-withdrawing substituents also exhibit red-light emission. 3 Green-light emission requires a larger band gap of material than red-light emission. Therefore, PPV and its derivatives are suitable for the green LEDs. PPV is the first polymeric LED material, whose emission peaks appear at 551 nm and 520 nm. 4 Poly[2,(2'-ethylhexyl)-5-butyl-1,4-phenylenevinylene] 5 was reported to exhibit electroluminescence (EL) peak at 520 nm with a quantum efficiency of 3.2% for double layer devices. P3ATs with bulky substituents 6 and head-to-head P3ATs 7 possess sterically distorted conjugated backbones, resulting in green emission. Blue-light emission requires relatively large HOMO-LUMO gaps (HLGs) of materials, whereas most of conjugated polymers exhibit lower band gaps. Therefore, earlier studies on blue LEDs were done mainly on phenylene-based polymers. 8, 9 The quantum efficiency for a poly(p-phenylene) device was reported to be only 0.01-0.05%. 8 Poly(9,9-dihexylfluorene) was demonstrated to emit light with a peak at 470 nm (corresponding to photon energy of 2.6 eV). 9 Poly(2-decyloxy-1,4-phenylene) exhibited an EL peak at 420 nm with a quantum efficiency of up to 3% for double-layer devices. 10 Blue-light emitters have also been obtained through controlling conjugation length along conjugated backbones in several ways. 11 Imposing steric hindrance through bulky side groups is one way to tune color by distorting a conjugation chain. 6, 7, 12 This approach, however, gives rise to bringing emission from the more conjugated segments. Another way is to incorporate nonconjugated segments such as silylene, methylene, and ether groups into a conjugated backbone. 13 Broken conjugation has been also successfully achieved using m-phenylenes as an interrupting block. 14 Moreover, insertion of m-phenylene units has demonstrated great enhancement of photoluminescence (PL) efficiency of the polymers. 15 Our recent theoretical study 16 has revealed that weak conjugation along m-phenylene-linked conjugated backbone results from the inherent nodal nature of the frontier molecular orbitals of the m-phenylene unit.
Although plenty of light-emitting polymers have been introduced, new efficient light-emitting polymers are still required for LEDs of commerce. In this work, we investigated conformations and electronic structures of polyheterocycles with vinylenediheteroatomic substituents at both 3-and 4-positions to look for novel blue-light emitting polymers: poly(3,4-vinylenedithiothiophene) (PVDTT), poly(3,4-vinylenedixoythiophene) (PVDOT), poly(3,4-vinylenedioxypyrrole), (PVDOP), and poly(3,4-vinylenediaminofuran) (PVDAF) (see 1). For comparison, their mother polymers, i.e., polythiophene (PT), polypyrroleG(PPy), and polyfuran (PFu) were included in the study. Among the polyheterocycles, PTs have been investigated extensively for light-emitters because of their environmental stability, thermal stability, processability, mechanical strength and easy functionalization. Substitution at both 3-and 4-positions of PT induces conformational change toward distorted backbones and leads to emitting blue light. 6, 7, 12 PPy and PFu have been very rarely used as light emitters although they possess appropriate band gaps for blue-light emitters. Polyimide films containing furan were reported to exhibit intense blue PL with double peaks at 419 and 436 nm.
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Results and Discussion
Methodology. Recent rapid growth of computer technologies and development of quantum-chemical program packages make it possible to calculate precisely molecular properties at a very high level. However, such a high level calculation (including electron correlation with a large basis set) for a polymeric system is still restricted to a small unit system in practice. 18 For relatively large systems, [19] [20] [21] [22] [23] polymeric structures have been obtained from the calculations on oligomeric structures or from the experimental measurements. Moreover, it is well known that Hartree-Fock level calculations greatly overestimate the HOMO-LUMO gap of a conjugated polymer. And inclusion of electron correlation, on the other hand, leads to a significant underestimation of the gap. 19 Therefore, one should perform numerical experiments to estimate how much electron correlation should be included to reproduce the experimentally-observed HOMO-LUMO gap. 20 In this regard, well-defined semi-empirical methods are still attractive for a large or an unknown polymeric system.
We employed the solid-state version of the MNDO method (MOSOL) 24 with the AM1 hamiltonian to optimize geometrical parameters and to investigate the conformational behavior of the polymers. This version adopts the Born-von Kármán periodic boundary condition and Bloch functions for crystal calculations. The AM1 method has been successfully used to investigate geometrical structures and conformations of large molecules in particular, although the method yields low rotational barriers. 25 It also has produced excellent agreement with the experimental observation in the case of polymers. 16 For the geometrical optimizations, we chose 6 wave vectors with a regular interval from 0 to π /a (where a is a translation vector), and imposed the C2v constraint on the monomer units.
When the neighboring local rotational axes of a polymer chain are not collinear, a helical conformation is more stable than an alternately twisted structure. 16 Therefore, we examined conformational behavior of the polymers by rotating the rings consecutively in the same direction, producing a helical structure. Because a helical symmetry operator is not included in our MOSOL version, we determined a helical angle (α) of the chains by the number (n) of the monomer units in the repeat unit, with the relationship α = of where m is any integer, representing the number of turns which the unit cell makes. At each helical angle, a torsion angle between the adjacent rings is optimized with other geometrical parameters. The repeat unit cells contain up to 12 monomer units for PT, PPy and PFu, and up to 8 monomer units for the other polymers.
Electronic properties were calculated by using the AM1 optimized structures in the modified extended Hückel (MEH) method. 26 This method expresses the off-diagonal elements of the EH method in a new form, which has an additional distance-dependent empirical factor. This was parameterized to reproduce a λ max value for the π−π* transition of a conjugated polymer, not an onset value that has been usually referred to a band gap. This approach has predicted λ max values of a variety of conjugated polymers with fairly good accuracy, compared to experimental values. [26] [27] [28] [29] Atomic parameters used in the MEH calculations are presented in Table 1 .
Polythiophene Systems. As shown in Figure 1 , it is predicted that PT would possess two stable conformations; anti-coplanar and 12/1 helix. Refer to Table 2 for torsion angles of the polymers under investigation at each helical angle. In the 12/1 helix, the HÎH distance is calculated to be 2.39 Å, which is double the van der Waals radius (1.2 Å) of H atom. The SÎH distance in the anti-coplanar structure is estimated to be 2.93 Å, close to the sum (3.0 Å) of van der Waals radii of S and H atoms. The two conformations are nearly isoenergetic and separated by an energy barrier of 0.8 kcal/mol per monomer unit. The potential well centered m 360°⋅ ( )/n at α = 180 ο is much broader than the well centered at α = 30 o . A similar potential energy curve for PT has been produced through extended Hückel theory (EHT) calculations based on the MNDO structure. 30 Although it has been generally accepted that PT is of anti-coplanar conformation 31 and that all non-substituted oligothiophenes are quasiplanar, 32 scanning tunneling microscopic experiments have revealed the coexistence of the syn-and anti-conformations in PT and alkyl-substituted PTs. 33 The relative populations of the minima depend on their statistical weights, which include contributions from both the potential energy and the entropy. 34 If two potential wells have similar depths, the broader potential well has a larger statistical weight due to the proportionately larger contribution from the conformational entropy, because more conformational microstates are available. 35 Therefore, dominant abundance of the anti-coplanar conformation of PT is not only due to the solid-state packing but due to the entropic contribution. The HLG of anti-coplanar PT is estimated to be 2.32 eV, in good agreement with the experimental λ max values (2.5-2.7 eV). 36 Interestingly, the HLG for the helical PT with α = 30 o is estimated to be accidentally the same as that for the anti-coplanar structure (see Figure  2 ). This fact would prevent UV-Vis spectroscopic investigations from distinguishing two conformations.
Substituting vinylenedithio groups at the 3-and 4-positions greatly increases repulsive interaction between adjacent monomer units, making the monomer units perpendicular to one another. In fact, the potential energy curve of PVDTT exhibits a deep minimum at a helical angle between α = 90 ο and 102.9 ο (τ = 84.8 ο -98.6 ο ). The closest S ÎS distance is 2.93 Å in the anti-coplanar structure, which is quite small compared to double the S van der Waals radius (1.80 Å), 37 and 3.85 Å in the 7/2 helical structure (α = 102.9 ο ). The anti-coplanar conformation is higher in energy than the 7/2 helical conformation by 4.5 kcal/mol per monomer unit. The HLGs of PVDTT are 5 eV and 2.3 eV in the 7/2 helical conformation and in the anti-coplanar structure, respectively. It is found that introduction of the vinylenedithio group perturbs both frontier molecular orbitals of PT backbone, raising the MO energy levels about the same amount (by 0.7 eV). As a result, the HLG of PVDTT in the anti-coplanar conformation is similar in value to that of PT. π-Type frontier molecular orbital interactions of the group with the PT backbone are illustrated in Figure 3 .
Replacing O atoms for S atoms in the vinylenedithio groups reduces the repulsive interaction between neighboring monomer units. This leads to the quite flat potential energy curve of PVDOT at the helical angles in the range of α = 51.4 ο -120
ο (see Figure 1) . Therefore, we expect a . Therefore, we expect a very broad emission peak of PVDOT near the blue region. The orbital interactions near the Fermi level are similar to those found in PVDTT. In the anti-coplanar structure, the HOMO and LUMO energy levels are raised by 0.93 eV and 1.26 eV, respectively, compared to those of PT.
Polypyrrole Systems. . The anti-coplanar structure is more stable than the 7/1 helical structure by 0.9 kcal/mol per monomer unit. The height of the rotational energy barrier from the anti-coplanar conformation to the 7/1 helical conformation is estimated to be 1.4 kcal/mol per monomer unit. Earlier EHT calculations for PPy 30 produced a similar conformational potential curve, but large stability of the anti-coplanar conformation and a large energy barrier, compared to our result. Unlike the case of PT, the two conformers exhibits different HLGs: 3.78 eV at α = 51.4 o and 3.15 eV at α = 180 o (see Figure 5 ). The predicted HLG of the anti-coplanar structure is in excellent agreement with the experiment UV-Vis λ max values (3.2 eV). 38 Only one minimum is located in the potential curve for PVDOP. This is because, in PVDOP, NHÎO hydrogen bonds are formed between two adjacent monomer unit, greatly stabilizing the anti-coplanar structure. The distance between the NH and O atoms is 2.47 Å, which is much smaller than the sum (2.7 Å) of van der Waals radii of H and O atoms. The HLG of anti-coplanar PVDOP is estimated to be 2.92 eV, close to that of anti-coplanar PPy, but not large enough for a blue-light emitter. The orbital interactions of the vinylenedioxy group with PPy backbone are similar to those found in PVDTT, raising HOMO by 0.98 eV and LUMO by 0.75 eV.
Polyfuran Systems. As in the case of PT and PPy, two minima are found inG the conformational potential energy curve for PFu, corresponding to the 7/1 helix (α = 51.4 ο with τ = 15.2 ο ) and anti-coplanar structure (see Figure 6 ). The former is slightly higher in energy than the latter by 0.46 kcal/mol per monomer unit. The two conformations are separated with a rotational energy barrier of 2.44 kcal/mol per monomer unit. In the 7/1 helical structure, the closest OÎO distance is calculated to be 2.77 Å, which is slightly smaller than the double the van der Waals radius of O atom. The anti-coplanar structure is predicted to possess the HLG of 3.07 eV in excellent agreement with an experimental λ max value (3.0 eV). 39 The 7/1 helical structure is predicted to possess a large HLG of 3.78 eV.
PVDAF shows two local minima near α = 72 ο and 160 ο . The rod-like structure is more stable than the coil-like structure by ca. 3.7 kcal/mol per monomer unit. The large stabilization of the rod-like structure is due to the NHÎO hydrogen bonding between neighboring unit. The hydrogen bonding is, however, not strong enough to keep the chain completely planar. Such weak hydrogen bonding in furan system has been ascribed to the delocalized oxygens lone pair electrons in the π system of the ring. 40 The HLGs of PVDAF are predicted to be 3.2 eV at α = 154.3 ο and 2.91 eV at α = 180 ο . The HLG of the anti-coplanar structure is slightly smaller than that of PFu, and not large enough for a blue-light emitter. Perturbation due to the vinylenediamino group is similar to that found in PVDTT. The HOMO and LUMO energy levels of PVDAF are higher than those of PFu by 1.38 and 1.22 eV, respectively.
Conclusions
It is found that substituting vinylenediheteroatomic groups at the 3-and 4-positions of heterocyclic polymers raises the HOMO and LUMO energy levels about the same amounts. As a result, unless the polymer chains are twisted, the substitution does not significantly change HLG values of the polymers, compared to those of their mother polymers. Owing to the hydrogen bonding between O and NH, PVDOP is predicted to be anti-coplanar and PVDAF to be quasi-planar. Therefore, their HLGs are close to those of PPy and PFu, respectively, and slightly lower than the electronic requirement for blue-light emitters.
On the other hand, PVDTT is twisted with neighboring units perpendicular to one another in order to avoid the strong SÎS repulsion between the neighboring rings, possessing a too large HLG for a blue-light emitting polymer. However, the possibility of PVDTT in the solid state to emit blue-light cannot be completely ruled out if packing in the solid state increases the planarity of the polymer chain so that the HLG drops to 3.5 eV or so. In PVDOT, such a strong repulsion is more or less relieved and a quite flat potential energy curve is found in the range of α = 51.4 ο -120 ο . In this conformational range, the HLG of the polymer extends from 3.2 to 4.9 eV. In conclusion, among the polymers we have investigated, PVDOT is expected to be the most probable candidate for a blue-light emitter. 
